217
Synaptic currents at the NMJ were recorded from larval muscle 6 of wandering 3 rd instar 218 larvae in two-electrode voltage clamp (TEVC) mode with an Axoclamp 2B amplifier and digitized 219 as above. We used 0.2 mM Ca 2+ HL3.1 solution except that the KCl was adjusted to 2 mM. The 
222
were rejected if, after impaling the muscle with both electrodes, the average of the 2 resting 223 potentials recorded at each electrode was more depolarized than -30 mV. Motor nerve 224 stimulation was done as above.
225
Type Is motor neuron voltages were recorded by whole-cell patch clamp in current 226 clamp mode with a Multiclamp 700A amplifier (Molecular Devices, Sunnyvale, CA). Filtering and 227 sampling as for HEK cells. Larvae were filleted in Ca 2+ -free modified A solution and the brain left 228 intact. Dorsal motor neurons directly below the sheath of the ventral nerve cord were visualized 229 with a 40x water immersion objective and exposed by applying 0.2 % w/v protease (type XIV, 
237
were rejected if the initial resting potential was more depolarized than -45 mV.
238
All physiological preparations were superfused with the indicated saline solutions by 239 gravity feed and vacuum suction at 1-2 ml/min. Electrophysiology trace plotting and analysis of 240 membrane current and voltage signals were performed in MATLAB (Mathworks, Natick, MA) 241 using scripts written by PB. 
250
For CaM-agarose purification of EAG, 1 ml of flies of each genotype were collected in a 251 15 ml conical centrifuge tube and frozen on dry ice. The frozen flies were vortexed and dumped 252 onto a sieve to collect the heads that pass through on a fine mesh cooled on dry ice. 
286
PBS-TX-BSA were added to the well and incubated at room temperature for 1.5 to 2 hours. The 287 brain preparations were then washed 3 x 5 minutes and mounted on slides in Vectashield
288
(Vector Laboratories, Burlingame, CA) still attached to the head to keep the brain oriented.
289
Sequential images of the green and red emission signals were taken using the 63x objective on 290 a Leica TCS SP2 confocal microscope. Ten optical sections (1.2 m each) were taken for each 291 brain using identical settings making sure none of the signals were saturated. 
344
Ex vivo brains were secured to a Sylgard-lined perfusion chamber filled with AHL using bent 345 tungsten pins.
346
The antennal lobe (AL) of the brain was located by morphology using an Olympus / F1-20. The peak change in ΔF/F was calculated as the ΔF/F of the stimulus frame minus the 366 ΔF/F of the frame before the stimulus. The sustained level of ΔF/F was calculated as the mean 367 ΔF/F of frames 1-5 seconds after the stimulus minus the ΔF/F of the frame before the stimulus.
368
Frame time-stamps were used to generate a mean peri-stimulus ΔF/F of each trial. The timing 369 of each frame varied by several milliseconds due to software delays so, for display, the data 370 was re-sampled to a uniform 10 Hz time base using shape-preserving piecewise cubic 371 interpolation. 
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for CaMBD mutant EAG channels. Note that the mutant and wild-type channels differ in their 397 calcium sensitivity, but not in their voltage sensitivity ( Figure 1C ). For both wild-type and mutant 398 EAG channels, we found that the timescale of activation was not a strong function of calcium Figure 1B) and GFP was co-expressed to identify transfected cells.
458
As previously reported (Schonherr et al. 2002) , Drosophila EAG was not inhibited at or 459 below 1 M [Ca 2+ ]i. Only when [Ca 2+ ]i was increased to high M levels, did we see significant inhibition. Figure 1C (left panel) shows currents recorded in the presence of 100 M internal 461 Ca 2+ . Currents from cells transfected with WT EAG are clearly reduced compared to those from 462 cells expressing EAG carrying mutations which block CaM-binding to the major C-terminal site.
463
The voltage-dependence of the channel is unaffected by this mutation (Figure 1C, right panel) .
464
The dose-response relationship for [Ca 2+ ]i is shown in Figure 1D . WT EAG current density 465 approaches that of untransfected cells at high [Ca 2+ ]i while the CaMBD mutant has substantial 466 residual current even at mM levels of Ca 2+ in the pipette. Figure 1E ). Neither PE nor 481 PF were more sensitive to Ca 2+ than the original PA isoform and all were significantly less 482 sensitive than mEAG1, which was completely inhibited at 500 nM [Ca 2+ ]i. We conclude that the To determine if there were a physiological role for Ca 2+ -dependent inhibition of EAG, we 495 engineered the C-terminal CaMBD mutations characterized above into the endogenous eag 496 locus by ends-out homologous recombination (Figure 2A ). Multiple alleles containing the 497 F732S,F735S mutations were recovered. WT strains, made in an identical manner with WT 498 recombination arms were also generated. Like the mutant alleles, these WT strains contain a 499 residual 76 bp loxP site located in an intron. These strains were used in all experiments as 500 controls due to their similar genetic background.
501
Biochemical analysis of adult head protein from CaMBD and WT flies by partial 502 purification on CaM-agarose and immunoblotting shows that EAG protein is present in 503 comparable amounts in both mutant and WT control alleles ( Figure 2B 
520
We also performed current clamp recordings from muscle 6/7 to ask if the CaMBD 521 mutant was functionally normal. Baseline recordings from CaMBD and WT control animals 522 showed no significant level of spontaneous excitatory junctional potentials (EJPs, Figure 3B ). In 523 contrast, recordings from NMJs of eag Full , a molecular null mutant, had high levels of 524 spontaneous activity. In experiments in which we evoked release by nerve stimulation in normal 525 saline, we did not see any supernumerary EJPs in the CaMBD mutant (P.B., data not shown).
527
The EJPs seen in unstimulated eag null mutants are the result of spontaneous 529 depolarization of the presynaptic nerve terminal and synchronous Ca 2+ -dependent release of 530 many vesicles. To determine if there were changes in spontaneous Ca 2+ -independent release of 531 single vesicles, we recorded miniature excitatory junctional potentials (mEJPs). Neither the rate 532 nor the amplitude of this class of events was changed in CaMBD animals compared to WT 533 controls (mean mEJP frequency: WT12/8, 1.92 ± 0.21 Hz; CaMBD8/17, 1.46 ± 0.15 Hz, p = 534 0.09. Mean mEJP amplitude: WT12/8, 0.85 ± 0.04 mV; CaMBD8/17, 0.83 ± 0.05 mV, p = 0.8).
535
This indicates that the probability of release for individual vesicles and the quantal postsynaptic 536 response to glutamate are both unaffected by loss of regulation of EAG by Ca 2+ .
537
We also assayed evoked release by stimulating the motor nerve with a suction pipette 538 and recording activity in the muscle. We saw a significant decrease in the amplitude of 539 stimulated EJPs in the CaMBD mutants and a reduced quantal content ( Figure 3C ). EAG is also 540 expressed in larval muscles (Zhong and Wu 1991; 1993) , so to make sure that activation of the 541 EAG channels in the postsynaptic muscle did not confound the amplitude of potentials recorded 542 in the muscle, we voltage clamped the muscle and recorded excitatory junctional currents 543 (EJCs). As seen in Figure 3D , CaMBD mutants had significantly smaller EJC amplitudes than 544 controls. There was no significant difference in the decay of the CaMBD mutant EJCs compared The CaMBD mutant's reduction in quantal content and synaptic currents is consistent 550 with a gain of EAG function when Ca 2+ /CaM is not able to inhibit EAG currents. As seen in 551 Figure 1C and D, the F732S,F735S mutation leads to larger EAG currents when internal Ca 2+ is 552 at high concentrations. This could cause more effective repolarization of activated presynaptic 553 terminals and an early termination of Ca 2+ influx, which would be predicted to decrease 554 neurotransmitter release. To test the effects of the mutation on Ca 2+ influx directly, we 555 expressed GCaMP6 in olfactory projection neurons. These neurons have well-separated axonal 556 and dendritic processes that allow clear visualization of the presynaptic terminals in the lateral 557 horn. These neurons can be directly stimulated by applying current to the antennal lobes with a 558 bipolar stimulating electrode.
559 Figure 4 shows GCaMP responses in WT and CaMBD mutant terminals with different 560 levels of stimulation. Ca 2+ influx increases with stimulation strength, with CaMBD mutant 561 sustained levels lower than WT at all voltages. Interestingly, the form of the WT Ca 2+ response changes at high stimulation levels. The peak appears to plateau and a shoulder appears that 563 increases the width of the response. These data are consistent with the effect of the CaMBD 564 mutant being a gain-of-function that terminates the Ca 2+ influx from voltage-gated Ca 2+ 565 channels. The fact that Ca 2+ influx appears to be blunted in the CaMBD mutant supports the idea 570 that this mutation produces a gain of function. However since the sensitivity of Drosophila EAG
571
to Ca 2+ is very low, it is possible that this only matters if EAG is present close to areas of high 572 local Ca 2+ . In presynaptic terminals, the voltage-gated Ca 2+ channels that control distributed to areas where it would never see Ca 2+ levels high enough to cause inhibition. To 577 determine if our electrophysiological and imaging results were consistent with the presence of 578 two distinct pools of EAG, one that could be inhibited by Ca 2+ and a second that was insensitive 579 even in WT animals, we built a model of the presynaptic terminal that contained pools of EAG 580 that were both inside and outside of Ca 2+ microdomains ( Figure 5 ). Using parameters obtained 581 from our HEK cell experiments, we determined that the behavior we observed at the NMJ and in 582 adult brain could be obtained by modeling EAG's behavior as compartment-specific. The model 583 shows that both membrane voltage and Ca 2+ currents were regulated as predicted.
585

Loss of Ca 2+ -dependent inhibition of EAG increases somatic excitability
586
While the decrease in presynaptic release at the NMJ appears to be due to a decrease 587 in excitability and Ca 2+ influx, direct recordings from terminals are difficult, so we carried out 588 whole-cell patch clamp of identified MNISN-Is neurons in the ventral ganglion to more closely 589 examine the relationship between membrane potential and firing in the CaMBD mutant. Figure   590 6A shows representative traces of CaMBD and WT control neurons with increasing current 591 injection. CaMBD neurons fire earlier and at a higher rate than that of WT controls. The 592 complete F/I curves are shown in Figure 6B . These data demonstrate that the CaMBD mutants Drosophila EAG channels by Ca 2+ is likely to be facilitated by a similar type of interaction. In this 639 study we provide the first insights into its role by introducing mutations into the endogenous eag 640 locus that block regulation by Ca 2+ .
642
Drosophila EAG is inhibited by levels of Ca 2+ only seen in VGCC microdomains
643
The fly EAG channel had been thought to be an outlier with regard to regulation by Ca 2+ .
644
In this study we show that it is regulated in the same manner as mammalian EAG1 (Figure 1 ).
645
The major difference between fly and mammalian EAGs appears to be sensitivity. Inhibition of 646 fly EAG is only see at high M to mM Ca 2+ . This is strikingly different from the regulation of 647 mammalian EAG1, which is fully inhibited at nM levels of Ca 2+ . How the difference in sensitivity 648 is achieved in the fly protein is unknown, but we present evidence that the efficacy of regulation participates in repolarization after action potential invasion (Wu et al. 1983 ). These loss of 658 function studies make it clear that repolarizing K + current is important for presynaptic function 659 and that the channel has a similar overall role across species. The role of Ca 2+ -dependent 660 inhibition of EAG currents is not as well understood. The finding that evoked release was 661 decreased in the EAG CaMBD mutant in the face of normal spontaneous release dynamics and 662 quantal size argued that presynaptic EAG is normally exposed to very high levels of Ca 2+ during In mammals it has been speculated that the inhibition of EAG1 by Ca 2+ /CaM serves as a 665 feedback mechanism to reduce the electrochemical driving force for Ca 2+ influx (Schonherr et al. 
670
Our data (Figures 3 and 4) would argue against this hypothesis for the presynaptic terminal at 671 the larval NMJ since loss of regulation by Ca 2+ decreases presynaptic release and evoked Ca 2+ 672 influx. Whether this might be a viable mechanism for regulation of Ca 2+ in dendrites would 673 require further investigation.
674
Another possible role for Ca 2+ -dependent inhibition might be maintaining 675 neurotransmitter release during repetitive firing-essentially providing a way to turn down local 676 repolarization to maintain the ability to catalyze vesicle fusion. Our data are concomitant with 677 this type of role. The dynamics of EAG inhibition and its dependence of action potential pattern 678 might provide clues to this aspect of EAG function.
680
Why is regulation by Ca 2+ different in mammals and insects?
681
The sequence conservation of both N-and C-terminal CaMBDs from insects to 682 mammals is striking. Why would their apparent affinities be orders of magnitude apart? The 683 difference in sensitivity might be due to how subcellular complexes are constituted and the 684 relative size of synaptic compartments in the two types of organisms. The Ca 2+ -sensitivity 685 required to carry out a function depends on the localization of the effector with respect to the 686 Ca 2+ source and the nature of local Ca 2+ buffering. Channels located in very close proximity to 687 VGCCs do not require high Ca 2+ sensitivity, since they are exposed to very high (mM) local Ca 2+ in the Ca 2+ microdomain with WT EAG channels (black) and mutant EAG channels (gray). In
790
WT, EAG channels are inhibited by incoming Ca 2+ and this generates a prolonged potential. The
791
CaMBD mutant EAG channels have reduced sensitivity to Ca 2+ and the membrane potential 
803
frequency vs. stimulus curves (F/I) for nominally Ca 2+ -free and 1.8 mM external Ca 2+ . There is 804 no significant difference in the mean spike frequencies with or without Ca 2+ , p = 0.9, 3-factor 805 ANOVA). The CaMBD mutant mean spike frequencies were significantly higher than controls 806 (No Ca 2+ : p = 3.1 x 10 -5 ; 1.8 mM Ca 2+ : p = 0.03, 2-factor ANOVA). n represents number of motor 807 neurons recorded. Plotted values are mean ± SEM. All cells recorded in the 1.8 mM external 808 Ca 2+ condition were first recorded in the nominally Ca 2+ -free condition. 812 adults in a white + genetic background. The CaMBD mutants had a significantly lower 813 performance index for appetitive conditioning, p = 0.007 for both 2 min and 24 h tests, 2-factor ANOVA with Sidak's multiple comparison test. n represents the number of groups tested (see 815 methods). CaMBD mutant 8.8.1 showed a similar 2 min memory deficit, though 24 h memory 816 was not assayed (C.L., data not shown). (B) Quantification of sugar preference (p = 0.4) and 817 avoidance of 4-methylcyclohexanol (MCH, p = 0.08) and 3-octanol (OCT p = 0.0002). All values 818 are mean ± SEM and comparisons done with unpaired Student's T-test. 819 820 
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